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Introduction {#sec1}
============

Fluorescence microscopy is an indispensable tool in biomedical studies because it provides molecular information to be located within cells or tissues spatially and temporally. In the last decade, significant improvement of optical resolution beyond diffraction limit based on fluorescence microscopy has been realized ([@bib10]), down to nanometer or even angstrom scales recently ([@bib26]). These techniques rely on either wavefront engineering or wide-field imaging of signal blinking or fluctuation ([@bib10]), and thus are not able to enhance resolution inside thick tissue due to scattering, aberration, and out-of-focus signals. One particularly strong motivation for thick-tissue super-resolution is the urgent need to map the neuronal network and connectivity at dendritic level throughout a whole intact brain with high enough spatial resolution to understand brain functions.

There have been lots of recent efforts to enhance spatial resolution in deep tissue. For example, localization microscopy combined with temporal focusing (TF) ([@bib25]) or (two-photon) light sheet ([@bib5], [@bib29]) provides optical sectioning for excitation, but the scattering-induced cross talk in space due to the wide-field detection scheme limits the thickness of the samples to be less than 100 μm. Another wide-field-based technique, structured illumination microscopy (SIM), exhibits similar issues on both excitation and detection. Even when combined with a line scan confocal scheme, the imaging depth of SIM is still limited to 20 μm ([@bib20]). On the other hand, stimulated emission depletion (STED), reversible saturable optical linear fluorescence transitions (RESOLFT), and saturated excitation (SAX) microscopies, which are based on a point scan confocal geometry and reduce the spatial cross talk, are demonstrated to achieve super-resolution at tens of micrometers imaging depth ([@bib19], [@bib22], [@bib27]). The key is to maintain a consistent beam shape deep inside the sample. For example, the imaging depth of STED is enhanced to about 100 μm in a cell aggregate by using a correction collar to minimize spherical aberration ([@bib24]). Recently, a hollow Bessel beam STED reported 100-nm resolution at imaging depth of 155 μm in an agarose sample, which is highly transparent ([@bib28]). Although STED and RESOLFT seem to be more promising for tissue imaging, their resolutions are in general on the order of 60--100 nm, i.e., less resolving power than the localization approaches. One recent innovation is to expand the tissue, to achieve simultaneous clearing and resolution enhancement ([@bib3], [@bib4], [@bib13]). Nevertheless, the effective imaging depth is thus reduced, and the expansion techniques do not provide increasing ratio of depth and resolution. Thus, a better strategy is to combine localization with optical sectioned detection, such as line scan confocal microscopy ([@bib14]). However, the reported resolution-depth performance of this combination is 60-nm spatial resolution at 80 μm depth, which is comparable to other methods.

In this work, we utilized spinning disk confocal microscopy, which is commercially available and widely used in biology, to reject out-of-focus fluorescence ([@bib23]). The spatial resolution and penetration depth are simultaneously enhanced by combination of molecular localization and optical clearing ([@bib15]). With the aid of a blinking fluorescent protein, Kaede ([@bib1]), which can be expressed in neurons of interests, we demonstrated that confocal localization deep imaging with optical clearing (COOL) can reach less than λ/20 lateral resolution at nearly 200 μm depth inside an intact *Drosophila* brain, which is the highest record of depth-over-resolution ratio reported to date in the literature. The combination of resolution and imaging depth provides a potential route to map the neural network among the densely packed 100,000 neurons in the whole brain at high resolution.

Results {#sec2}
=======

Optical Sectioned Observation of Blinking Fluorescent Protein Kaede {#sec2.1}
-------------------------------------------------------------------

[Figures 1](#fig1){ref-type="fig"}A and 1B show the comparison between conventional wide-field and spinning-disk confocal imaging on the same G0239-Gal4 neurons, which express Kaede fluorescent protein, in a *Drosophila* brain (see [Supplemental Information](#mmc1){ref-type="supplementary-material"} for sample preparation) ([@bib16]). As expected, the wide-field modality loses contrast within less than 50 μm depth, even if the brain was mounted in a clearing reagent, whereas confocal works well all the way into the brain. The images acquired by the spinning-disk confocal microscope demonstrate high quality of blinking fluorescence spots for localization, whose example is given in [Figure 1](#fig1){ref-type="fig"}C (see [Video S1](#mmc2){ref-type="supplementary-material"} for blinking fluorescence spots in deep tissue).Figure 1Optical Sectioned Detection and Resolution Enhancement of COOL(A) Wide-field image of a *Drosophila* brain at 45 μm depth. No detail is visible due to out-of-focus fluorescence.(B) Spinning-disk confocal image of the same sample at 70 μm depth. The axial contrast is greatly improved.(C) Localized fluorescence spots of (B).(D--I) (D--F) Resolution enhancement of COOL at 5 μm depth and (G--I) at 160 μm depth. The insets are zoom-in views of white squares, and arrows mark the region corresponding to the profiles. In (F), the values of full-width-at-half-maximum of confocal, COOL, and localization uncertainty are 374, 77.8, and 25.2 nm, respectively. In (I), at the bottom of the brain, the corresponding numbers are 388, 78.4, and 21.6 nm, respectively, demonstrating that the super-resolution is maintained throughout the whole brain.(J and K) (J) Zoom-in of the green squares in (G and H) and the corresponding profiles in (K) show clear separation of two dendrites by COOL.(L) An extraordinary advantage of Kaede is its photoconvertibility. During the blinking image acquisition, the red form of Kaede gradually bleaches, as shown by the middle image and the temporal evolution curve in the bottom. The right-hand-side image shows that photoconversion of the abundant green form of Kaede by a 405-nm laser effectively replenishes the blinking red form for subsequent super-resolution imaging.Cells for demonstration: (A--E, L) G0239-Gal4 cells and (G--J) krasavietz-Gal4 cells. Scale bars: 3 μm in (A--C); 5 μm in images and 500 nm in insets in (D, E, G, and H); 500 nm in (J); 500 nm, (L); and 5 μm in (I).

Video S1. Blinking of Kaede Red Fluorescence, Related to Figure 1BKaede expressed on dendrites of *G0239-Gal4* neurons blink at 65 μm depth.

Video S2. Small-Scale 3D Reconstruction of *G0239-Gal4* Dendrites, Related to Figure 2B

As a photoconvertible fluorescent protein, it is no surprise that Kaede has been used in photoactivatable localization microscopy (PALM) ([@bib2]). However, please note that the blinking in [Video S1](#mmc2){ref-type="supplementary-material"} is not based on photoconversion. Here we found that the red form, or photoconverted form, of this photoconvertible fluorescent protein exhibits a blinking state, which has not been reported before. Its blinking properties are presented in [Transparent Methods](#mmc1){ref-type="supplementary-material"}. The brightness of the blinking state is enough to enable ∼20-nm spatial resolution. Similar to all localization-based techniques, by accumulating images over time, a comprehensive map of fluorophore distribution is unraveled.

Resolution Enhancement in the Top and Bottom of an Intact Brain {#sec2.2}
---------------------------------------------------------------

This set of experiment is done in two different Gal4 lines, namely, G0239-Gal4 cells and krasavietz-Gal4 cells (see [Figure S3](#mmc1){ref-type="supplementary-material"} for these neuron morphologies and the areas for imaging). The former neuron is just below the surface of the brain, whereas the latter is located at the bottom of the brain. Therefore the selection of these two neurons provides a control group to examine resolution enhancement at different depths of an intact *Drosophila* brain.

[Figures 1](#fig1){ref-type="fig"}D and 1E demonstrate the significantly enhanced spatial resolution by COOL microscopy at the surface of brain. The cross-sectional profile of one dendrite is given in [Figure 1](#fig1){ref-type="fig"}F. Quantitatively, with the spinning disk confocal system, the full-width-at-half-maximum is about 408 ± 35 nm, whereas that of COOL is 80.8 ± 4.2 nm (statistics in [Figure S1](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc1){ref-type="supplementary-material"}), which presents the real diameter of a dendrite inside the *Drosophila* brain ([@bib16]). The spatial resolution of COOL is determined by the uncertainty of localization, i.e., 25.2 ± 9.8 nm (see [Figure S2](#mmc1){ref-type="supplementary-material"}), which is 15 times better than the confocal resolution.

Please note that conventional wide-field localization techniques also provide resolution enhancement at the sample surface, thus the main impact of COOL microscopy is to achieve super-resolution inside a thick tissue. This capability is demonstrated in [Figures 1](#fig1){ref-type="fig"}G and 1H, which are acquired at the bottom of a *Drosophila* brain, namely, the dendrite network of krasavietz-Gal4 cells ([@bib8]). As expected, the confocal microscopy shows a blurred image of the densely distributed neuropil, whereas the COOL modality provides high-contrast and high-resolution visualization of the dendrite network. The quantitative value in [Figure 1](#fig1){ref-type="fig"}I and the corresponding statistical analysis in [Figure S2](#mmc1){ref-type="supplementary-material"} indicate that the localization uncertainty is 21.6 ± 10.1 nm at this depth, manifesting that resolution enhancement down to less than λ/20 is consistently obtained throughout the whole brain. [Figures 1](#fig1){ref-type="fig"}J and 1K show that two adjacent dendrites can only be resolved by COOL microscopy. The ∼20-nm spatial resolution is necessary to distinguish tightly entangled neurites, whose minimal separation is two times the thickness of a cell membrane, i.e., 10 nm, when a fluorescent protein is expressed in cytosol.

Photoconversion to Replenish Blinking Fluorophores {#sec2.3}
--------------------------------------------------

An additional highlight of the technique lies in the photoconvertibility of Kaede, which allows replenishment of the blinking red form with the aid of a 405-nm laser, as demonstrated in [Figure 1](#fig1){ref-type="fig"}L (see [Figure S4](#mmc1){ref-type="supplementary-material"} for a control experiment showing that the red form of Kaede does not increase without 405-nm illumination). One major issue in most super-resolution microscopy is the bleaching of fluorophores under high-intensity illumination, resulting in structure discontinuity, and photoconvertibility potentially helps to solve this issue.

Volumetric Tracing of Densely Entangled Dendritic Fibers {#sec2.4}
--------------------------------------------------------

The optical sectioned 20-nm resolution throughout a whole brain provides unprecedented opportunity to distinguish closely intertwined neurons in three dimensions. One nice example is the G0239-Gal4 neurons ([@bib16]), which consists of two neurons in each side of the brain, and their dendritic fibers densely entangle into a complex network extending tens of micrometers. Here we show that COOL is able to unravel the neurite distribution, as shown in [Figure 2](#fig2){ref-type="fig"}. [Figure 2](#fig2){ref-type="fig"}A presents sequential images in the axial direction with COOL and confocal modalities. The arrowheads illustrate how to identify a dendrite twist in three-dimensions with COOL. The correspondingly reconstructed dendrite network is given in [Figure 2](#fig2){ref-type="fig"}B, with color marked on individual dendrites. It is apparent that only with the exceptional combination of spatial resolution, penetration depth, and optical sectioning of COOL the two three-dimensional (3D) intertwined dendrites can be discriminated without additional genetic manipulation, but this is not possible with either confocal or conventional localization microscopy. [Figure 2](#fig2){ref-type="fig"}C shows a large-scale separation of dendritic branches between the two cells of G0239-Gal4 (see [Video S3](#mmc4){ref-type="supplementary-material"} for the 3D view and [Figure S5](#mmc1){ref-type="supplementary-material"} for discussion with confocal and electron microscopy). These results demonstrate the potential of COOL toward constructing whole-brain neural networks even with the unusually thin dendrites in *Drosophila*.Figure 2Three-Dimensional Imaging and Reconstruction to Trace Deep-Brain Neurites with Unprecedented Resolution(A and B) (A) COOL (top) and confocal (bottom) images across two intertwined dendrites of V3 neurons. Numbers indicate the relative depth (μm) of image. The arrowheads indicate the endpoints of a specific neurite at different optical sections, enabling the subsequent 3D reconstruction of the green-colored dendrite in (B). Different colors indicate individual dendrites (see [Video S2](#mmc3){ref-type="supplementary-material"} for 3D view).(C) 3D reconstruction of super-resolved complete dendritic network of G0239-Gal4 (see raw data in [Video S3](#mmc4){ref-type="supplementary-material"}, segmentation in [Video S4](#mmc5){ref-type="supplementary-material"}, and 3D view in [Video S5](#mmc6){ref-type="supplementary-material"}). Two colors indicate that the fibers are from two different cells. The inset shows 3D confocal image from the same neuron, manifesting that the dense dendritic arbor cannot be resolved.Scale bars: 3 μm in (A and B) and 5 μm in (C and its inset). The axial step is 0.75 μm, and the image thickness is 6 μm in (B) and 28 μm in (C).

Video S3. Complete z Stack Raw Data of Figure 2C, i.e., Large-Scale 3D Reconstruction of *G0239-Gal4* Dendrites

Video S4. The Process of Manual Segmentation (Color-Marked Dendritic Fiber) of Figure 2C, i.e., Large-Scale 3D Reconstruction of *G0239-Gal4* Dendrites

Video S5. 3D View of the Super-resolved Dendritic Network in Figure 2C, i.e., Large-Scale 3D Reconstruction of *G0239-Gal4* Dendrites

Discussion {#sec3}
==========

We have demonstrated localization microscopy at unprecedented depth in this study, with the aid of high-speed confocal setup, a blinking fluorescent protein, and optical clearing. The depth-resolution comparison of various state-of-the-art techniques are summarized in [Figure 3](#fig3){ref-type="fig"}. The COOL techniques are marked with a red star, which is located at the upper-left corner of the plot, i.e., the most wanted corner. To compare with other deep-tissue super-resolution techniques, the figure of merit can be defined as the ratio of imaging depth over spatial resolution. As shown in the right panel of [Figure 3](#fig3){ref-type="fig"}, COOL apparently provides the state-of-the-art performance over all other methods. Please note that the current 160-μm imaging depth represents the thickness of the *Drosophila* brain, not depth limit. As the super-resolution does not degrade throughout the whole brain, the COOL technique could be potentially applied to much thicker samples.Figure 3Comparison of Reported Deep-Tissue Super-Resolution Techniques with 100-nm or Better ResolutionWide-Field techniques are marked in squares (localization microscopy: 1--5 and 13 as black squares; SIM: 6 as blue square), scanning-based techniques are in circles (STED/RESOLFT: 7--10 and 12 as green circles; SAX: 11 as purple circle), sample expansion techniques are in gray triangles (14--16), and COOL is the star. In general, localization-based methods (black squares) provide better resolution, whereas scanning-based methods (circles) offer better imaging depth. Right panel: comparison of figures of merit (image depth over resolution) among various techniques. (1) Traditional localization microscope ([@bib17]). (2) Combination of TF and localization microscope ([@bib25]). (3) Combination of light sheet and PALM (Zanacchi et al., 2011). (4) Combination of line scan confocal and localization microscope ([@bib14]). (5) Spinning disk confocal localization without clearing (the points 5 and 13 overlap together) ([@bib21]). (6) Hexagonal line-confocal SIM ([@bib20]). (7) Two-photon excitation with pulsed STED depletion ([@bib22]). (8) RESOLFT ([@bib19]). (9) STED with aberration-reducing optics ([@bib24]). (10) Hollow Bessel beam depletion STED in agarose (Yu et al., 2016). (11) SAX (Yamanaka et al., 2013). (12) Combination of tissue clearing and STED ([@bib12]). (13) Combination of tissue clearing and localization microscopy ([@bib12]). (14) Expansion microscopy ([@bib4]). (15) Iterative expansion microscopy ([@bib3]). (16) Magnified analysis of the proteome ([@bib13]).

One particular advantage of COOL comes from commercially available tools such as spinning disk confocal microscope and genetically controllable blinking proteins, thus facilitating easy access among biologists. The ability to resolve neuronal fine structures in intact animal brain below diffraction limit opens the possibility to unravel biological questions such as neuron morphological structure on a nanometer scale, as well as protein distribution on the synapses due to memory formation or loss, aging, social interactions, etc.

In summary, we have achieved an unprecedented combination of 20-nm lateral resolution in ∼200-μm-deep tissue samples, based on amalgamation of key technologies, including spinning disk confocal, localization microscopy, optical clearing, and a blinking fluorescent protein. The photoconvertible fluorescent protein enables sequential conversion into blinking forms, to facilitate neural tracing in a dense network. The technologies are readily available for many biologists without the need of upgrading hardware. This method can be widely used not only for brain neural network studies but also for other high-resolution imaging in biological tissues and cells.

Limitations of the Study {#sec3.1}
------------------------

There are several limitations in the current design. First, the axial resolution is still diffraction-limited to about 1 μm due to the spinning disk confocal design. The axial resolutions of various super-resolution techniques have been well documented, and in our case ([@bib18]), they can be further enhanced by incorporating point-spread function engineering ([@bib7]) into the spinning disk system. Second, the Kaede fluorescent protein requires a toxic chemical β-mercaptoethanol (βME) to stimulate its blinking (see sample preparation in the Transparent Methods), and FocusClear does not work for live tissue, so currently it is not possible for in vivo observation. However, we would like to point out that the spinning disk system is suitable for live brain studies, with reasonable penetration capability. Therefore finding a proper agent for live-tissue clearing ([@bib30]) as well as photoactivatable proteins that blink in live-cell conditions will enable 3D super-resolution in a live brain.

Third, the imaging speed is limited by the brightness and blinking rate of the fluorophores, and can be further improved by optimizing laser power and the density of activated fluorescent protein at each frame ([@bib9]). It is possible to achieve one super-resolved frame within a split second ([@bib6], [@bib11]). Last but not least, the neurite fiber distribution is identified manually now. It will be a necessary next step to develop an auto-tracking program to find out dendritic tree divisions and locations of neurite terminals and synapses.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S5, and Table S1
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